Abstract: Low-coherence interferometry (LCI) has been a useful tool to detect distributed polarization coupling (DPC) points in polarization-maintaining fiber (PMF). However, due to birefringence dispersion, two close coupling points in long PMF are usually difficult to be distinguished. A novel method in our paper has been presented to tackle the problem. When the product of birefringence dispersion and fiber length called accumulated dispersion (AD) is numerically enough, the coherence envelopes caused by two close coupling points will split into periodic multiple peaks in the overlapping region, and the distance of the two coupling points can be further demodulated from the frequency of splitting peaks. An experimental setup based on LCI has been established with two Panda PMFs of 600 and 950 m under test. Experimental results show that the measuring errors of two close coupling points distance were less than 5%. When AD reached as high as 29 and 46 fs/nm, the spatial resolution was increased by 13-fold and 20-fold, respectively. The constraint conditions to ensure the appearance of peak splitting are also discussed. It indicates that our method may show a potential application of spatial resolution enhancement in high dispersive LCI without dispersion compensation.
Introduction
Owing to the wide spectrum of light source, low coherence interferometry (LCI) has many advantages (e.g., high spatial resolution, wide dynamic range) and is widely used in many high-resolution measuring and sensing systems [1] - [4] . However, when the medium under test is dispersive, envelopes of the interference fringes would expand rapidly, and the spatial resolution of the system seriously degrades [5] - [10] ; thus, it is difficult to locate the position of the coherence envelopes. So far, two kinds of dispersion compensation methods have been mainly developed to mitigate or eliminate the influence of dispersion. The first is to match the dispersion by placing the right amount of dispersion balancing material in one interferometer arm of the LCI setup [6] , [7] . The other one is numerical compensation with complicated data postprocessing techniques [8] - [11] . However, both of these two kinds of methods require a priori knowledge of extant dispersive properties.
Dispersion compensation still seems to be a requisite in the application of LCI. In fact, two close coherence envelopes will split into multiple peaks if the dispersion is not compensated for [12] - [14] . Hitzenberger et al. [11] demonstrates the phenomenon of peak splitting. However, little attention has been paid to further research on it. Herein, we adopt LCI to distributed polarization coupling (DPC) detection in polarization maintaining fiber (PMF), and conducted deeper study on the splitting peaks frequency and the constraint conditions to ensure the appearance of peak splitting. Our theoretical calculation and experimental results both demonstrate that the frequency of splitting peaks is proportional to the distance of the two envelopes. This phenomenon is utilized to measure the distance of two undistinguishable coupling points. We also discuss its application limitations.
Peak Splitting in DPC Detection
The experimental setup of DPC detection is represented in Fig. 1 . A super-luminescent diode (SLD) with a Gaussian spectrum is used as the low-coherence light source. Light from SLD is polarized, and then coupled into the PMF with only one polarization mode is excited. When propagating along the fiber, a fraction of light will cross to the other orthogonal axis at a polarization coupling point inside the fiber. Due to the mode birefringence Án, optical path difference (OPD) Ánl is produced between the exciting and coupling mode, where l is the fiber length between the coupling point and the fiber end. Then, these modes are projected to the same direction by the analyzer, and then projected into the scanning Michelson interferometer. Lens1 and Lens2 are used for beam collimating and focusing, respectively. With the scanning of mirror 2, interference fringes are formed when the OPD is balanced to be around zero. At the exit of the system, the interference fringes are read out by a photo-detector during the scanning and then transmitted to the computer through a data acquisition card (NI USB-6251). Because the coherence envelope is related to the source emission spectrum by a Fourier transform [11] , the coherence envelope has the same Gaussian shape as the light source. If we neglect the background and normalize the intensity, the interference fringes can be seen as the envelope superimposed by a cosine term [15] Iðd
where d is the scanning OPD of Michelson interferometer, 0 is the propagation constant at center wavelength, and L c is the coherence length of the SLD source. Equation (1) shows that L c is the full width at 1/e-maximum of the coherence envelope, which can be considered as the axial resolution of coherence envelope [15] . The phase is linear with respect to d with an However, the mode birefringence is always dependent on wavelength. If we expand the propagation constant difference of two modes in a third-order Taylor series about center optical frequency, the new fringes influence by birefringence dispersion will be given by [16] - [18] 
where Án g and Án p are group and phase birefringence of the PMF, respectively. is a dispersive factor ¼ 2cÁDlðÁ= 0 Þ 2 [16] , where ÁD is the birefringence dispersion, whose dimension is ps=ðnm Á kmÞ, and ÁDl can be defined as the accumulated dispersion (AD) produced in the PMF. Á and 0 are half width and center wavelength of the source spectrum, respectively. Dispersion has great influence on DPC detection. On one hand, the envelope resolution will be extended to
which corresponds to DPC detection resolution of
On the other hand, due to birefringence dispersion, the phase of fringes will shift and become nonlinear with respect to d .
In fact, on condition that two coherence envelopes are close to each other as the right graph shown in Fig. 1 , beat effect will happen in the mutual overlapping region of the two envelopes [11] . Assume that the two close coupling points with almost the same intensity are deployed in a PMF, the distance of one point from the fiber end is l, the other is l þ Ál, where Ál ( l. The two points form interference fringes with phases equal to 'ðl; d Þ and 'ðl þ Ál; d Þ, and the coherence envelopes are centered at d ¼ Án g l and d ¼ Án g ðl þ ÁlÞ. Therefore, the intensity of the superimposed interference fringes can be expressed as
where A is the same amplitude of the two close coupling points caused by the external force F, and the two envelopes are so close that they have nearly the same dispersive factor ðÁl ( lÞ. According to sum-to-product formula, the result of superposition is
With the scanning of d , the former product term still has a frequency of about 2 0 . However, the latter is a low frequency cosine term, which leads to a beat effect, and its phase is calculated as
To take the derivative of ðd Þ, the frequency of beats can be expressed as
In our experiment, center wavelength and half width of SLD are 1317 nm and 18.7 nm, respectively, the coherence length L c is 42 m, and 0 is equal to 4.77 m À1 . If the axial distance of the centers of the two envelopes Án g Ál is less than the envelope resolution
Þ ð8=L c Þ approaches its supremum 8=L c if and only if approaches the limit of infinity. 8=L c is equal to 0.2 m À1 , which is far less than 0 . Consequently, the coherence envelopes split into multiple peaks due to the beat effect, whose frequency can be given by (8) .
We have made some simulations of the peak splitting phenomenon with different AD, as shown in Fig. 2 .
In order to compare with the experimental results, the envelopes are extracted using a Hilbert transform. Comparing Fig. 2(a) with Fig. 2(b) , we could see that different values of Ál induce different splitting peaks, which also can be seen from the comparison between Fig. 2(c) and (d) . The first two simulations are conducted aligning with the PMFs testing system based on LCI, characterized by very small group velocity dispersion. The latter two are simulated with very large group velocity dispersion as the tissues in the OCT system. It is obvious that this phenomenon can also be discovered even the path length difference is very small. This is because AD is large enough to form the coherence envelope overlapping region. Moreover, it also can be seen from the comparison between the four figures that splitting peaks would be different if ADs are different.
The simulation results of two close points with different amplitudes are shown in Fig. 3 . The envelopes of Fig. 3(a) and (b) can be extracted, while the envelopes of Fig. 3(c) and (d) cannot be extracted. Because when the intensity difference of the two close coupling points becomes larger, the splitting peaks are more submerged in the overlapping region, and it will be difficult to extract the frequency of splitting peaks.
Experiment
To verify our theory, two point-like forces are exerted to the PMF to cause two close coupling points with almost the same intensities. ÁD and Án g of the PMF is 0.048 ps=ðnm Á kmÞ and 3.4 Â 10 -4 , respectively. The moving velocity of the scanning mirror is 0.6 mm/s and the data acquisition card sampling velocity is 18000 pulses/s, and thus the resolution of splitting peaks frequency is determined as about 0.025 mm -1 . Fig. 4 illustrates the splitting peaks in LCI signal. The X-axis indicates the balanced OPD, i.e., d À Án g l. Both of the two coupling points are approximately located at 950 m from the fiber end. The distances of two points are 50 cm and 80 cm, for Fig. 4(a) and (b) , respectively. The envelopes are extracted using a Hilbert transform and a median filter algorithm, which are shown as red curves. Then, a Fourier transform is applied to the envelopes to obtain the frequency of the splitting peaks. The frequencies in Fig. 4 (8) . It reveals that the frequency should be proportional to the distance. The experimental results also accord well with the theoretical analysis, which demonstrates our theoretical analysis is correct.
Accordingly, we can measure the distance of two close coupling points in the PMF from the frequency of splitting peaks. Some of the data depicted in Fig. 5 are used, and results are shown in Table 1 . The measurement error is less than 5%. In fact, both the length of PMF and the distance of these two points have effect on the measurement error, but there exists no definite relationship between the measurement error and the length of PMF or the distance of these two points. The measurement error is mainly caused by the noise in the actual system, such as the movable mirror, the photodiode, and so on. In addition, the errors are stable with multiple measurements. All these Ál cannot be directly measured from the distances of the two envelopes, because these Ál are all less than the dispersive DPC detection resolution, and it is impossible to locate the centers of the two close envelopes (see Fig. 4 ).
Each envelope has its own full band at 1/e-maximum. When the distance of two envelopes is less than envelope resolution (i.e., the full width at 1/e-maximum of the envelope), we define the overlapping region as intersection between the two bands. Note that the intensities of both the two envelopes within this region are guaranteed to make sure the peak splitting occurs. The width of the overlapping region is given as ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 þ 2 p L c À Án g Ál and, thus, smaller Án g Ál will enlarge the splitting peak period, whereas larger Án g Ál will lower the width of overlapping region. In order to obtain the frequency of these peaks correctly, the overlapping region should be wider than one splitting peak period
Substituting (8) into (9) and solving it, two constraint conditions will be obtained:
According to (10) , the spatial resolution of LCI with peak splitting can be expressed as Taking (3) and (11) into account, the spatial resolution is improved by
In Fig. 6(a) , the blue curve represents the coherent envelope resolution with respect to AD, the green curves represents the theoretical measurement range based on peak splitting, which can be calculated from (10), the black dots are the experimental results which have been depicted in Fig. 5 and the red mark is called the critical point representing the case ¼ ðAD ¼ 8:3 fs=nmÞ which is also referred to in (10) . The first list of black dots is when AD ¼ 29 fs=nm (l ¼ 600 m, ¼ 11:02), the measurable maximum and minimum of two close envelopes distance is 426 m and 36 m, respectively, but the corresponding envelope resolution is 464.74 m.
It is worth noting that the envelope spatial resolution is considerably enhanced by about 13-fold. Similarly, the envelope spatial resolution is improved by about 20-fold for the second list of black dots (when AD ¼ 46 fs=nm, l ¼ 950 m, ¼ 17:48). The relationship between range of Án g Ál and spectral half width is also analyzed, as Fig. 6(b) shows. With the increase of spectral half width, the envelope spatial resolution is gradually enhanced.
Discussion
As can be seen from Fig. 6 (a) and (b), the peak splitting phenomenon will not occur until AD or spectral half width reaches the critical point and with the increase of AD or spectral half width, the peak splitting phenomenon becomes more obvious. Theoretically, higher AD and spectral half width are more beneficial for the measurement because they bring higher dispersive factor. However, in practice, the fringe visibility decreases along with the dispersive factor, making envelopes more vulnerable to systemic noisy and thus limiting the measuring range, which well explains the difference of experimental measurable range from theoretical measurable range for the second list of black dots shown in Fig. 6(a) . Despite limitation of measurement range for two close coupling points distance, the spatial resolution is seriously improved considering (12) . Along with dispersive factor increases, the infimum of measurement range decreases and the envelope resolution reduces [see Fig. 6 (a) and (b)]. It indicates that our method may show a potential application of spatial resolution enhancement in high-dispersive LCI without dispersion compensation. It is noticeable that the intensity of two close coupling points is required to be almost the same to ensure the appearance of peak splitting. If the intensity difference of the two close coupling points is large, then it will dominate in the overlapping region and the splitting peaks will be submerged (see Fig. 3 ); therefore, it will be difficult to extract the frequency of splitting peaks. The overlap of envelopes with very different intensities will be studied further. Additionally, once the distance of two close coupling points is achieved, we can also further deduce their locations based on (8); therefore, it is possible to determine the absolute positions of the coupling points even in the long fiber.
Conclusion
In LCI system, dispersion is known to broaden the coherence envelope and degrade the spatial resolution. This leads to appearance of peak splitting when two close envelope overlap with each other. LCI-based DPC detection system is used to illustrate this phenomenon. The quantitative relationship among the frequency of splitting peaks, the AD and the distance of the two envelopes has been deduced as (8) . The distance of two close coupling points can be further accurately measured from the demodulated frequency of splitting peaks and AD. Constraint conditions are obtained as (10) to ensure at least one splitting peak period in the overlapping region. (8) and (10) are also applicable as references in other LCI systems, for example, optical coherence tomography (OCT), where peak splitting phenomenon is also probable to happen [11] . Experimental results show that the distance of two close coupling points can be accurately measured with errors less than 5% and the spatial resolution is seriously enhanced by 13-fold and 20-fold for PMF of 600 m and 950 m, respectively. Our research may be utilized for the spatial resolution enhancement of coherence envelope in high-dispersive LCI system without dispersion compensation.
